Melanoma is an aggressive malignancy that is increasingly common and exhibits a poor patient survival rate. Radiotherapy is the primary option for patients with melanoma, particularly those who are not candidates for surgery; however, the therapeutic effect is limited due to the relative radioresistance of melanoma to ionizing radiation (IR). It has been reported that microRNAs (miRNAs) serve a vital role in determining the radiosensitivity of tumors; however, little is known concerning the radiosensitization of melanoma using miRNA. In the present study, the radiosensitization effect of miRNA 185 (miR-185), which has been demonstrated to reduce renal cancer radioresistance, was investigated in B16 cells, a skin melanoma cell line derived from C57/BL mice, was investigated. Cell proliferation and scratch wound healing assays were used to determine the proliferative and migratory abilities of B16 cells. Annexin V/propidium iodide double staining was used to determine the apoptosis induced by IR. A tumor formation assay was performed to determine the radiosensitization effect of miR-185 on melanoma cells in vivo. Proliferation marker protein Ki-67, and hematoxylin and eosin staining were used to assess the proliferative activity and histological changes, respectively. The results of the present study demonstrated that miR-185 suppresses cellular proliferation and migration, and enhances IR-induced apoptosis, and the inhibition of proliferation and migration, in vitro and in vivo, which provides an insight into understanding the radiosensitization of melanoma using miRNA.
Introduction
Melanoma is a metastatic and fatal type of cancer, for which the median 5-year survival rate is <5% following metastasis (1,2). The global incidence of melanoma has increased more rapidly compared with that of other malignancies (3) . Therapeutic options remain limited. Although melanoma is considered to be a relatively radioresistant tumor, radiation therapy is important in the treatment of melanoma, particularly in patients with central nervous system metastases (4) . In addition, enhancement of tumor radiosensitivity with a radiosensitizer is an efficient strategy to improve the outcome of radiotherapy (5) . microRNAs (miRNAs) are a class of small endogenous RNAs that function in mRNA degradation and the inhibition of mRNA translation at the post-transcriptional level. A previous study suggested an important role for miRNAs in the mediation of tumor cell sensitivity to ionizing radiation (IR) by efficiently influencing DNA damage repair, cell cycle checkpoints, apoptosis, radio-related signal transduction pathways and the tumor microenvironment (6) . In melanoma, miRNA 21 (miR-21) and miR-let-7b have been demonstrated to be related to the cellular radioresistance (7, 8) . However, the underlying molecular mechanisms by which miRNAs regulate cellular sensitivity to IR remain unclear.
Previous studies have demonstrated that miR-185, a key miRNA in cancer, is involved in the regulation of various cellular processes, including proliferation, cell cycle, invasion and migration (9) (10) (11) (12) , and promotes cellular sensitivity to IR in human renal cancer cells by targeting ataxia telangiectasia-and Rad3-related (ATR) (13) , an important sensor and transducer, as well as ataxia telangiectasia mutated, in the DNA damage response signaling pathway (14) . By contrast, miR-185 is able to reduce cellular resistance to chemotherapeutic drugs in gastric cancer and ovarian cancer by targeting apoptosis repressor with caspase recruitment domain, or DNA methyltransferase 1 (15, 16 and chemotherapy. Therefore, it is hypothesized that miR-185 may be involved in the regulation of cellular radiosensitivity in melanoma.
In the present study, the function of miR-185 in the mediation of cellular sensitivity to IR in melanoma was investigated. Results suggested that miR-185 has a tumor suppressor role in B16 cells via suppression of cellular proliferation and migration, and that modulation of miR-185 levels may alter the radiosensitivity of melanoma in vitro and in vivo.
Materials and methods
Cell culture. The mouse melanoma cell line B16 was purchased from the Shanghai Institute for Biological Sciences (Shanghai, China). Cells were cultured at 37˚C under 5% CO 2 in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, USA), 100 units/ml penicillin and 100 mg/ml streptomycin.
Cell transfection. A total of 1x10
5 cells were seeded into 12-well plates and cultured for 24 h, prior to transfection with miR-185 precursor (pre-miR-185; cat. no. AM17100) or the negative control (pre-neg; cat. no. AM17100) (both Ambion; Thermo Fisher Scientific, Inc.) at 40-60% confluence using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). The final concentration of the miRNA duplex was 30 mM. The medium was replaced with fresh culture medium 5 h following transfection.
Cell proliferation curves. Cells (1x10 5 ) were seeded into 12-well plates and cultured for 24 h. Following transfection with miRNA duplex, cells were exposed to 0 or 4 Gy X-rays using a Faxitron RX-650 instrument (Faxitron Bioptics, LLC, Tucson, AZ, USA) at a dose rate of 0.8 Gy/min (100 keV, 5 mA). Cells were counted 0, 24, 48 and 72 h following X-ray exposure using a Coulter counter (Beckman Coulter, Inc., Brea, CA, USA) and the experiment was carried out three times for construction of proliferation curves.
Cell migration assay. A scratch wound healing assay was carried out to estimate the cellular migration ability as described previously (17) . A total of 2x10 5 exponentially growing cells were seeded into a 35 mm dish and incubated for 24 h at 37˚C. Following transfection with 30 mM pre-miR-185 or pre-neg, cells were exposed to 0 or 4 Gy X-rays and scratched with 200 µl pipette tips immediately. Dishes were washed twice with PBS and fresh culture medium was added prior to re-incubation for 18 h 37˚C. Wound closure was observed and images were captured using a Leica DMI6000 B inverted microscope (Leica Microsystems GmbH, Wetzlar, Germany) at 0 and 18 h.
Colony formation assay. Cells were harvested by trypsinization and resuspended in RPMI-1640 medium supplemented with 10% FBS. An appropriate number of cells was plated into a 60 mm dish to produce ~50-100 colonies. Following incubation for 8 days, cells were fixed with 75% ethanol for 5 min and stained with 0.5% crystal violet for 10 min at room temperature. Colonies containing >50 cells were counted as survivors, at least three parallel dishes were scored for each treatment, and each experiment was conducted at least three times independently. The survival fraction (SF) was calculated as follows: SF=PE/PE0. In this calculate PE respresents the plating efficiency of the irradiated cells and PE0 represents the plating efficiency of the control cells.
Cell apoptosis assay. Cells (2x10 5 ) were exposed to 4 Gy X-rays immediately following transfection with miRNA duplex, and were harvested 48 h following irradiation. Cell apoptosis was determined using an annexin V-fluorescein isothiocyanate (FITC) kit (cat. no. 130-092-052; Miltenyi Biotec, Inc., Auburn, CA, USA), according to the manufacturer's protocol. Cells were stained with 0.5 µg/ml annexin V-FITC and 5 µg/ml PI for 30 min at room temperature. Cell apoptosis was analyzed immediately following staining using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The total apoptotic rate was calculated as the sum of the early apoptotic rate and the late apoptotic rate. At least 10,000 gated events were acquired from each sample and each experiment was performed in triplicate.
Tumor formation assay. Two-month-old male Kunming mice and C57/BL6 mice weighing ~20 g were obtained from Lanzhou University Laboratory Animal Center (Lanzhou, Gansu, China). All mice were had ad libitum access to standard laboratory rodent feed and water. Mice were acclimatized for 1 week to standard conditions of a temperature of ~23˚C, humidity of ~60% and a 12 h light/dark cycle. Exponentially growing B16 cells (2x10 5 in 200 µl normal saline) were injected subcutaneously into the groins of Kunming mice (n=6) or C57/BL6 mice (n=9). Following formation of tumors, 10 µg miRNA duplex was transfected into tumor cells using in vivo-jetPEI ® (Polyplus-transfection, Illkirch, France) according to the manufacturer's protocol (day 1), and 24 h following transfection (day 2) tumors were exposed to 0 (Kunming mice) or 4 (C57/BL6 mice) Gy X-rays with the rest of the mice shielded; these treatments were performed once every 2 days three times. Each day, the length and width of tumor was measured over the skin using an external caliper and the tumor volume was calculated using the formula: volume (mm 3 )=length (mm) x width 2 (mm 2 )/2. The mice were sacrificed by cervical dislocation 2 days following the third irradiation treatment (day 8). Tumors were dissected, weighed, images captured using a digital camera and specimens fixed for pathological analysis. The animal procedures used in the present study were approved by the Institutional Animal Care and Use Committee of Lanzhou University.
Immunohistochemistry. The isolated tumor samples were fixed at room temperature with 4% paraformaldehyde in PBS for 30 min, then dehydrated in 70, 80, 90, 95 and 100% alcohol in turn for 30 min each, and finally embedded in paraffin. The paraffin sections were collected on slides and stained with hematoxylin and eosin (H&E; cat. no. C0105; Beyotime Institute of Biotechnology, Haimen, China) for 20 min at room temperature to verify histological changes. In addition, 4-µm-thick paraffin sections were prepared for immunohistochemistry experiments. The sections were deparaffinized with xylene for 20 min, rehydrated with alcohol (100% alcohol for 10 min each, 95% alcohol for 2 min and 70% alcohol for 2 min) and washed briefly in distilled water. Endogenous peroxidase activity was quenched using 3% hydrogen peroxide in methanol, and antigen retrieval was carried out in 10 mM citrate buffer using a microwave. The slides were blocked with 5% bovine serum albumin (cat. no. ST023; Beyotime Institute of Biotechnology) for 1 h and incubated with primary anti-proliferation marker protein Ki-67 (Ki-67) antibody (1: 
Results

miR-185 functions as a tumor suppressor in melanoma B16
cells. It is well-known that melanoma is an aggressive cancer with increased proliferative ability (18) . Previous studies have revealed that miR-185 functions as a tumor suppressor in numerous types of cancer (9, 19) . In the present study, B16 cells, a melanoma cell line derived from C57 mice (20) , were employed to determine whether miR-185 has tumor suppressive effects on melanoma.
miR-185 levels in B16 cells were increased following transfection with exogenous pre-miR-185, and the changes in the cellular proliferation and migration abilities were evaluated. As presented in Fig. 1A , the proliferation rate of cells transfected with pre-miR-185 was significantly decreased compared with cells transfected with pre-neg (P=0.012), indicating that miR-185 overexpression in B16 cells suppressed cellular proliferation. In addition, the cellular motility was evaluated in vitro using a scratch wound healing assay. The untreated and pre-neg-overexpressing cells migrated more 18 h following scratching compared with the cells transfected with pre-miR-185 (Fig. 1B) , indicating that miR-185 markedly suppressed the migratory ability of B16 cells.
The role of miR-185 in proliferation inhibition was confirmed using an in vivo tumor formation assay. The volume 
miR-185 enhances cellular sensitivity to IR in vitro.
The authors previously demonstrated that overexpression of miR-185 may enhance IR-induced apoptosis and proliferation inhibition through repression of the ATR signaling pathway (12) . Therefore, it was assessed whether the expression level of miR-185 was associated with the cellular sensitivity of B16 cells to IR. As presented in Fig. 2A , the survival fraction of colonies in the pre-neg-transfected cells following treatment with 4 Gy X-rays was 2.72±0.15%, which was significantly decreased to 1.82±0.10% in miR-185-overexpressing cells (P=0.032).
It was identified that B16 cells exhibited G 1 cell cycle arrest (data not shown) and suppression of proliferation following 4 Gy X-ray irradiation (Fig. 2B , compared with non-irradiated control in Fig. 1A) . Notably, overexpression of miR-185 significantly enhanced the effect of IR-induced inhibition of proliferation compared with overexpression of pre-neg (P=0.014; Fig. 2B ) by promoting apoptosis (Fig. 2C) . The total apoptotic rate in pre-neg-overexpressing cells 48 h following 4 Gy X-ray irradiation was 12.64±2.46%, whereas that in pre-miR-185-overexpressing cells increased to 18.46±1.13%. In addition, miR-185 exacerbated the IR-induced decrease in migratory ability (Fig. 2D , compared with non-irradiated control in Fig. 1B) . These results suggest that miR-185 may regulate cellular radiosensitivity in vitro.
miR-185 enhances IR-induced homograft tumor growth inhibition.
Following the observed effect of miR-185 on the mediation of cellular sensitivity to IR in vitro, the potential role of this miRNA in the improvement of tumor radiosensitivity was evaluated in vivo. Homologous subcutaneous cancer models were established through inoculation of B16 Figure 3 . Effect of miR-185 on tumor radiotherapy outcome. B16 cells were injected subcutaneously into the groins of C57/BL6 mice. Following formation of tumors, mice (n=9) were selected at random on day 1. miRNA duplex were transfected into tumors on days 1, 3 and 5, whereas tumors were locally exposed to 4 Gy of X-rays on days 2, 4 and 6 independently. cells into the groins of C57/BL mice, and miRNA duplex (pre-miR-185 and pre-neg) was directly transfected into tumors when the tumor size was ~0.8 cm. Tumors were locally exposed to 4 Gy X-rays 24 h following transfection and these treatments were carried out three times. The length and width of tumors were measured each day following the first transfection (marked as day 1), and the proliferation curves demonstrated that the tumor growth rate was significantly reduced in miR-185-overexpressing cells following fractionated treatment with X-rays three times (P=0.006; Fig. 3A) , suggesting that miR-185 enhances IR-induced tumor growth inhibition.
Tumors were isolated and fixed 2 days following the third irradiation (day 8), and, consistent with the above results, tumors formed by B16 cells transfected with pre-miR-185 had a significantly decreased weight and decreased size compared with the pre-neg-transfected control cells (P=0.026; Fig. 3B ). The immunohistochemistry for Ki-67 expression in tumor sections was examined, and it was identified that the immunoreactivity for Ki-67 expression in the pre-neg-overexpressing cells was markedly more intense than in the miR-185-overexpressing cells (Fig. 3C) . Histological observation using H&E staining identified that the tumor cells following IR treatment in the pre-neg-overexpressing group became heterogeneous with large nuclei, irregular nuclear shapes and nuclear condensation, whereas the miR-185-overexpressing cells exhibited increased catastrophic lesions and clear cell death (Fig. 3C) . The proportion of Ki-67-positive cells in the IR-treated pre-neg-overexpressing group was 52.47±3.77%, which was significantly decreased to 31.05±3.61% in the IR-treated pre-miR-185-overexpressing group (P=0.003; Fig. 3D ). These data demonstrate that miR-185 promotes cellular radiosensitivity in vivo.
Discussion
miRNA is a robust molecular tool that has potential in the development of future therapeutic technologies. An increasing number of underlying molecular mechanisms for the radiosensitization effect of miRNAs have been elucidated (21) (22) (23) (24) . However, the underlying molecular mechanism in malignant melanoma remains unclear. The authors previously demonstrated that miR-185 overexpression markedly increased radiosensitization of renal carcinoma cells (13) . In the present study, the enhancement of radiosensitivity in melanoma cells was investigated using miR-185 and it was observed that miR-185 significantly enhanced IR-induced cell death in vitro and in vivo, suggesting that it exhibited a radiosensitization function in malignant melanoma.
miR-185 induces cell cycle arrest and apoptosis via direct regulation of homeobox protein Six1, transforming protein RhoA and cell division control protein 42 (CDC42) in human cancer (9, 25) . Furthermore, it has been reported that miR-185 suppresses proliferation, invasion and migration in numerous types of cancer, including glioma (26), prostate cancer (11), gastric cancer (27) , colon cancer (28) and hepatocarcinoma (19) . Emerging evidence suggests that miR-185 serves important roles in modulating the growth of melanoma xenografts implanted in severe combined immunodeficiency-non-obese diabetic mice (29) . However, to the best of our knowledge, the present study is the first to demonstrate that miR-185 inhibits cellular proliferation and migration in melanoma cells, suggesting that miR-185 may be an effective target for the treatment of various types of cancer, including melanoma.
Although systemic therapy is the mainstay of treatment for melanoma, which has historically been regarded as a relatively radioresistant tumor, fractionated and stereotactic radiation therapy are effective options for certain patients with melanoma, particularly those with brain metastases (30) . Walston et al (31) reported IR-induced miRNA deregulation in melanoma. It was identified that the miRNA profiles are significantly different in pre-and post-irradiated cells at 5 days in multiple melanoma cell lines and suggested that miRNAs with differential expression may be associated with resistance to IR. The study led to the development of research on sensitizing melanoma to IR via miRNAs, and miR-21 and let-7b were identified as important factors in response to IR in melanoma (7, 8) . Therefore, it is conceivable that more miRNAs may be involved in regulating the cellular sensitivity to IR in melanoma.
It has been demonstrated that miR-185 and miR-185-3p may decrease the radioresistance in human renal carcinoma and nasopharyngeal carcinoma, respectively, by targeting ATR and protein WNT2B (13, 32) . In silico prediction models were used to identify potential binding sites for miR-185 in the mRNA of ATR and WNT2B in mice; however, no putative site was predicted. In addition, it was identified that a side of B16 cells presented G 1 cell cycle arrest following IR exposure, whereas IR induced G 2 cell cycle arrest in the non-side population cells (33) . These results suggested the presence of another signaling pathway regulated by miR-185 in melanoma. Target prediction using bioinformatics software miRDB and microRNA. org demonstrated that CDC42 is a potential target of mouse miR-185, which is essential for G 1 cell cycle arrest, proliferation and invasion in cancer cells (34) (35) (36) (37) . In addition, miR-185 has been identified to target CDC42 in human colorectal cells (9) . Therefore, further evidence is required to clarify the underlying molecular mechanism through which miR-185 mediates the radiosensitivity of melanoma cells by targeting CDC42.
In conclusion, the present study demonstrates an important role for miR-185 in regulating the development and radiosensitivity of B16 melanoma cells. It was demonstrated that miR-185 suppresses the proliferation and migration of B16 cells in vitro and in vivo. It was further demonstrated that miR-185 overexpression reduces the survival of B16 cells and of its homograft tumors exposed to X-rays. Therefore, these findings may lead to the development of miRNA-based-drugs to sensitize melanoma to radiotherapy.
